Melatonin supplementation has been used as a therapeutic agent for several diseases, yet little is known about the underlying mechanisms by which melatonin synchronizes circadian rhythms. G-protein signaling plays a large role in melatonin-induced phase shifts of locomotor behavior and melatonin receptors activate G-protein-coupled inwardly rectifying potassium (GIRK) channels in Xenopus oocytes. The present study tested the hypothesis that melatonin influences circadian phase and electrical activity within the central clock in the suprachiasmatic nucleus (SCN) through GIRK channel activation. Unlike wild-type littermates, GIRK2 knock-out (KO) mice failed to phase advance wheel-running behavior in response to 3 d subcutaneous injections of melatonin in the late day. Moreover, in vitro phase resetting of the SCN circadian clock by melatonin was blocked by coadministration of a GIRK channel antagonist tertiapin-q (TPQ). Loose-patch electrophysiological recordings of SCN neurons revealed a significant reduction in the average action potential rate in response to melatonin. This effect was lost in SCN slices treated with TPQ and SCN slices from GIRK2 KO mice. The melatonin-induced suppression of firing rate corresponded with an increased inward current that was blocked by TPQ. Finally, application of ramelteon, a potent melatonin receptor agonist, significantly decreased firing rate and increased inward current within SCN neurons in a GIRKdependent manner. These results are the first to show that GIRK channels are necessary for the effects of melatonin and ramelteon within the SCN. This study suggests that GIRK channels may be an alternative therapeutic target for diseases with evidence of circadian disruption, including aberrant melatonin signaling.
Introduction
The hormone melatonin, produced by the pineal gland, is a potent regulator of circadian rhythms or 24 h cycles in behavior and biological processes (Dubocovich, 2007) . Exogenous melatonin has been used to treat a variety of diseases that exhibit circadian rhythm comorbidities, such as epilepsy (Banach et al., 2011; Jain and Besag, 2013) , delayed sleep phase syndrome (Mundey et al., 2005) , cardiometabolic diseases (Paulis et al., 2012) , and mood disorders such as depression (Racagni et al., 2007; Campos Costa et al., 2013; Comai and Gobbi, 2014; Laudon and FrydmanMarom, 2014) . However, the molecular mechanisms linking melatonin-induced changes in neuronal activity to regulating the timing of circadian rhythms are poorly understood.
In both humans and rodents, exogenous melatonin administered during the late day advances the phase of circadian cycle, shifting activity onset to an earlier time (McArthur et al., 1991; Benloucif and Dubocovich, 1996; Prosser, 1999; Hunt et al., 2001; Dubocovich et al., 2005; Mundey et al., 2005) . Within the primary clock center of the brain, the suprachiasmatic nucleus (SCN) of the hypothalamus, melatonin application hyperpolarizes the resting membrane potential and suppresses spontaneous action potential rate in neurons within acute SCN slices from mice and rats (Jiang et al., 1995; van den Top et al., 2001; Scott et al., 2010) . These effects on the circadian system are thought to be mediated through G-protein-coupled signaling. G-proteincoupled melatonin receptors mediate melatonin-induced phase shifts in behavior and changes in SCN firing rate (Hunt et al., 2001; Dubocovich and Markowska, 2005) . In addition, melatonin-induced hyperpolarization of SCN neurons has been shown to be pertussis toxin sensitive (van den Top et al., 2001) , indicating that G i/o heterotrimeric G-protein signaling is critical for the acute electrophysiological effects of melatonin. G-protein-coupled inwardly rectifying potassium (GIRK) channels are potential candidate mediators of this inhibitory effect of melatonin given that GIRK currents are increased by melatonin receptor activation in a Xenopus oocyte expression system (Nelson et al., 1996) . Recently, we have shown that GIRK channel activation varies over the day/night cycle and that daytime activation is sufficient to induce phase advances of the molecular clock within the SCN (Hablitz et al., 2014) . We hypothesize that GIRK channels mediate the phase-advancing effects of exogenous melatonin. Here, we used behavioral and electrophysiological techniques to ascertain whether GIRK channels are necessary for the inhibitory and phase-synchronizing effects of melatonin on SCN neurons and wheel-running behavior and if ramelteon, a potent clinically relevant melatonin receptor agonist (Kato et al., 2005) , requires GIRK channels to alter SCN electrophysiology.
Materials and Methods
Ethical approval. All animal care, handling, and housing were in compliance with the University of Alabama at Birmingham's Institutional Animal Care and Use Committee guidelines and the University of Tennessee at Knoxville Institutional Animal Care and Use Committee.
Animals and housing. All mice in these experiments were 2-4 months of age to reduce developmental or aging phenotypes (Turek et al., 1995; Biello, 2009) . Only male mice were used for behavioral experiments (Ruiz de Elvira et al., 1992; Vyazovskiy et al., 2006) . GIRK2 knock-out (KO) animals on a C57BL/6 background (Signorini et al., 1997) and wild-type (WT) littermate controls were used for electrophysiology and circadian behavioral analysis. Although C57BL/6 mice are melatonin deficient, studies have confirmed that melatonin binding and phaseshifting effects of melatonin are still intact and comparable to other mouse strains (Siuciak et al., 1990; Liu et al., 1997) . Separate cohorts of mice were used for each different experiment. Unless otherwise stated, mice were group housed on a 12:12 light/dark (LD) cycle with food and water ad libitum.
Behavioral analysis. All mice were housed in individual wheel cages. Wheel-running activity was recorded and analyzed using Clocklab software (Actimetrics). After entrainment to a 12:12 LD cycle, mice were released into constant darkness for at least 10 d before treatment. Mice were then treated at ϳCT10 (circadian time 10; CT12 is defined as activity onset) with either subcutaneous injections of vehicle (100 l of 3% ethanol/saline) or melatonin (100 l of 0.39 M) for 3 consecutive days, as described previously (Dubocovich et al., 2005) . Phase shifts were measured as the difference between two predictions for the time of activity onset the day after treatment (using linear regression for each time period pretreatment and posttreatment for each animal). The first prediction was based on the 7 onsets before the first injection and the second prediction was based on the 7 onsets after 3 stabilization days after injections. Mice that were injected before CT9.5 were excluded from analysis. When possible, mice were treated with vehicle and melatonin using a crossover design. During the experiment, 9 of 13 WT and 6 of 7 KO mice received both treatments with at least 2 weeks between trials.
Whole-cell and loose-patch electrophysiology. Mice were killed at ZT8.5 (Zeitgeber time 8.5; ZT12 defined as lights off) by cervical dislocation. All recordings were made between projected ZT10 and ZT12. Brains were harvested, sectioned at 200 m on a vibroslicer (7000 smz; Campden Instruments), and transferred to an open recording chamber (Warner Instruments) that was continuously perfused at a rate of 2.0 ml/min with extracellular solution consisting of the following (in mM), NaCl 124, NaHCO 3 20, Na 2 HPO 4 1, MgSO 4 1.3, glucose 10, KCl 3.5, and CaCl 2 2.5 (added the day of experiment). Osmolality was adjusted to 300 -305 mOsm and the solution was bubbled with 5% CO 2 /95% O 2 and heated to 34 Ϯ 0.5°C. Neurons were visualized with an Olympus BX51WI using infrared-differential interference contrast optics. For both whole-cell and loose-patch electrophysiology, electrodes with a pipette resistance of ϳ4 -6 M⍀ were filled with filtered, potassium gluconate solution consisting of the following (in mM): K-gluconate 135, KCl 10, HEPES 10, and EGTA 0.5 and then adjusted to pH 7.4 with KOH (Kuhlman and McMahon, 2004) . Electrophysiological signals were processed and controlled by a Multiclamp 700B amplifier, and pClamp 10.02 software (Molecular Devices). Recordings were sampled at 20 kHz and filtered at 10 kHz. The GIRK channel antagonist tertiapin-Q (TPQ; 0.2 M; Alamone Laboratories) was used for the experiments in Figures 3, 4 , 5, and 6. For the experiments shown in Figures 4 and 5, cells were treated with either vehicle (water) or melatonin (1 M; Sigma-Aldrich) as described previously (Jiang et al., 1995) . For the experiments shown in Figure 6 , cells were treated with either vehicle (20 nM ethanol) or ramelteon (10 pM; Biotang). For the experiments in Figures 4, 5, and 6, melatonin, ramelteon, or vehicle treatments were bath applied between ZT10 and ZT12 during the entire recording period.
For whole-cell experiments, all data were collected within 6 min of membrane rupture to minimize any potential washout effects from the whole-cell recording (Schaap et al., 1999) . To block synaptic transmission (as in Figs. 5, 6) , bicuculline (30 M) and CdCl 2 (200 M) (SigmaAldrich), D-AP5 (50 M) and CNQX (10 M) (Abcam), and TTX (1 M) (Tocris Biosciences) were added to the bath solution. To isolate GIRK currents (Figs. 5, 6) , the concentration of extracellular KCl was increased from 3.5 to 30 mM as described previously (Fu et al., 2004) and the peak inward current in response to a slow ramp (2.5 s) from Ϫ140 mV to Ϫ20 mV was recorded. Cells with Ͼ100 pA leak at a holding potential of Ϫ65 mV were excluded from analysis.
For loose-patch experiments, the average spike rate was calculated from at least 1 min of the 2 min trace. Loose-patch recordings were done in voltage-clamp mode without a command hold potential. For all electrophysiological experiments, at least three biological replicates with at least four cells per animal were used. There was no specific regional bias when recording within the SCN.
Single-unit extracellular electrophysiology. Coronal brain slices (500 m) containing the SCN prepared from male WT C57BL/6 mice were maintained in a Hatton-style brain slice dish perfused constantly with oxygenated (95% O 2 /5% CO 2 ) Earle's balanced salt solution (EBSS) supplemented with glucose, bicarbonate, and gentamicin, pH 7.4, at 37°C. One mouse was used for each experiment and replicate experiments were performed on different mice. Drug treatments were bath applied on the first day in vitro at ZT10 by stopping perfusion and replacing the medium in the slice chamber with EBSS medium supplemented with 1 M melatonin Ϯ 0.2 M TPQ for 10 min. After treatment, the medium was replaced with drug-free medium and perfusion was reinstated. Extracellular, single-cell recordings of neuronal activity were taken on day 2 in vitro, using methods described previously (McArthur et al., 1991; Prosser, 1998 Prosser, , 2003 . A glass micropipette containing 3 M NaCl was low-ered into the SCN until the signal from an individual neuron was isolated. The cell's activity was recorded for 5 min, after which the electrode was moved to find a new cell. Neuronal activity was sampled in this way for 10 h. Data acquisition and analysis were done using computer software from DataWave Technologies. The firing rates of individual cells were then grouped into 2 h running means. Time of peak activity was determined as the time of symmetrically highest activity. The difference in time-of-peak of untreated slices versus drug-treated slices was calculated to determine phase shifts.
Statistical analysis. All statistical analysis was performed with SPSS version 22. For comparisons of means in samples with normal distributions and homogeneous variances (as indicated by a Levene's test), an independent-samples t test or ANOVA was used for comparisons between two means or two or more means, respectively, followed by Fisher's LSD post hoc test when necessary. Two-factor designs were analyzed with a two-way ANOVA (using a linear mixed model with the generalized estimating equations procedure in SPSS, when appropriate). In cases of a non-normal distribution (as indicated by a Shapiro-Wilk test) or unequal variances (Levene's test), a nonparametric Kruskal-Wallis test was used, followed by median test for post hoc analyses. For categorical data, a G likelihood ratio test was used, followed by Fisher's exact test for post hoc analysis. Significance was considered to be p Ͻ 0.05.
Results

GIRK2 is necessary for melatonin-induced phase advances of behavioral rhythms
It has been shown previously that 3 d subcutaneous administration of melatonin in the late-day (CT10) phase advances wheelrunning behavioral rhythms of mice (Dubocovich et al., 2005) . To test the hypothesis that these phase advances are mediated by GIRK channels, we performed a similar experiment using GIRK2 KO animals as a model of disrupted GIRK channel signaling compared with WT littermate controls. Administration of melatonin induced significantly larger phase advances in wheelrunning behavior compared with vehicle (linear mixed-model ANOVA, main effect of treatment, 2 (1) ϭ 6.98, p ϭ 0.008) and phase shifts in KO animals were overall reduced compared with WT animals (main effect of genotype, 2 (1) ϭ 14.42, p ϭ 0.00015; WT, n ϭ 12-14 per group; KO, n ϭ 7-8 per group). This genotype effect was primarily driven by a significant interaction of genotype and treatment ( 2 (1) ϭ 4.22, p ϭ 0.04) such that KO mice had significantly smaller phase shifts in response to melatonin treatment compared with WT mice (LSD post hoc test, WTmelatonin was significantly different from: WT-vehicle, p ϭ 0.002; KO-melatonin, p ϭ 0.006; KO-vehicle, p ϭ 0.002). These results indicate that GIRK2 is necessary for the phase-advancing effects of melatonin on behavior (Figs. 1, 2 ). Similar to our previous findings (Hablitz et al., 2014) , GIRK2 KO animals exhibited a longer free-running period compared with WT controls (WT: 23.74 Ϯ 0.04 h, KO: 23.87 Ϯ 0.04 h; independent-samples t test, t (37) ϭ 2.094, p ϭ 0.043). GIRK2 KO animals have been shown to be hyperactive during the active phase and re-entrain more rapidly to a 6 h advance of a 12:12 LD cycle, but they overall have normal wheel-running activity and circadian behavior (Hablitz et al., 2014) . Finally, melatonin increased free-running period equally in both WT and KO animals (post-vehicle mean: 23.77 Ϯ 0.04 h, post-melatonin mean: 23.85 Ϯ 0.05 h; repeated-measures ANOVA, main effect of treatment, F (1,34) ϭ 4.324, p ϭ 0.045), indicating that GIRK2 is not necessary for melatonininduced effects on period length.
GIRK2 is necessary for melatonininduced phase advances of neuronal activity rhythms
In addition to phase advancing wheelrunning behavior in mice, melatonin applied in the late day (ZT10) induces phase advances in the neuronal activity rhythms of the SCN recorded in vitro (McArthur et al., 1991; Prosser, 1999) . Because GIRK channels are necessary for the phaseadvancing effects of melatonin on wheel-running behavior, we tested the hypothesis that GIRK channels are necessary for melatonininduced phase advances of circadian neuronal activity rhythms in the SCN. To do this, we treated SCN brain slices from WT mice with vehicle or melatonin with or without TPQ, a GIRK channel antagonist, for 10 min at ZT10. The following day, we used extracellular recordings to assess phase shifts in the circadian pattern of neuronal activity. Consistent with previous reports (McArthur et al., 1991; Prosser, 1999) , melatonin (1 M) application at ZT10 shifted the time of peak neuronal activity earlier on the following day (mean Ϯ SEM, control: ZT5.8 Ϯ 0.2, melatonin: ZT3.0 Ϯ 0.6), inducing a significant phase advance compared with control recordings (one-way ANOVA, F (3,8) ϭ 5.27, p ϭ 0.027; LSD post hoc test: control vs melatonin: p ϭ 0.018; Fig. 3 ), which is consistent with previous reports (McArthur et al., 1991; Prosser, 1999) . TPQ alone (0.2 M) had no phase shifting effect on the SCN neuronal activity rhythm (LSD post hoc test, control vs TPQ: p ϭ 0.613; Fig. 3) , with very similar peak times as control (mean Ϯ SEM, TPQ: ZT6.3 Ϯ 0.7). Concurrent application of TPQ (0.2 M) and melatonin (1 M) at ZT10 prevented the melatonin-induced phase advance (LSD post hoc test, melatonin vs TPQ ϩ melatonin: p ϭ 0.013; Fig. 3 ), resulting in similar peak times as control (mean Ϯ SEM, TPQ ϩ melatonin: ZT6.0 Ϯ 1.0), indicating that GIRK2 is necessary for melatonin-induced phase advances of both wheel-running behavior and SCN neuronal activity rhythms.
Melatonin-induced suppression of SCN neuronal activity is mediated by GIRK currents
Previous studies have shown that melatonin suppresses action potential rates of SCN neurons both in rat (Jiang et al., 1995; Zhou et al., 2000; van den Top et al., 2001 ) and mouse (Scott et al., 2010) . Given that GIRK channels are necessary for the phaseadvancing effects of late-day melatonin on wheel-running behavior, we tested the hypothesis that GIRK channels are necessary for the inhibitory effects of melatonin in the SCN. First, we performed loose-patch electrophysiology within the SCN. Melatonin application (1 M, as in Jiang et al., 1995) in the late day (ZT10 -ZT12) significantly decreased the spontaneous action potential frequencies of SCN neurons (mean Ϯ SEM, vehicle: 4.5 Ϯ 0.5 Hz, melatonin: 3.1 Ϯ 0.4 Hz; Kruskal-Wallis test, H(3) ϭ 8.035, p ϭ 0.045; median post hoc test, p ϭ 0.048 for WT slices, vehicle vs melatonin). This effect was lost in the presence of TPQ (TPQ ϩ melatonin: 5.0 Ϯ 0.5 Hz, median post hoc test, p ϭ 0.009 for TPQ ϩ melatonin vs melatonin). TPQ alone had no influence on spike rate of SCN neurons (TPQ: 4.8 Ϯ 0.5 Hz; median post hoc test, p ϭ 0.755, vehicle vs TPQ; n ϭ Ͼ28 cells/group). Contingency analysis revealed that the percentage of cells that had a firing rate of Ͻ1 Hz varied depending on treatment group (vehicle: 11.8%, melatonin: 37.0%, TPQ: 6.3%, melatonin ϩ TPQ: 12.9%; G likelihood ratio test, 2 (3) ϭ 15.1, p ϭ 0.002). Without TPQ, melatonin significantly increased the percentage of lowspiking cells (Fisher's exact test, p ϭ 0.004) and this effect was lost in the presence of TPQ (Fisher's exact test, p ϭ 0.321). Similar to TPQ, melatonin application to SCN slices from GIRK2 KO mice did not suppress firing rate when applied during the late day (KO vehicle: 4.6 Ϯ 0.5 Hz, KO melatonin: 5.1 Ϯ 0.5 Hz; independent samples t test, t (88) ϭ Ϫ0.692, p ϭ 0.49, n ϭ Ͼ44 cells per group), indicating that GIRK channels are necessary for the decreased firing rate in response to melatonin (Fig. 4) .
Melatonin receptor activation has been shown to activate GIRK channels in a Xenopus oocyte expression system (Nelson et al., 1996) , yet it remains unknown whether melatonin activates GIRK channels directly within SCN neurons. To measure a melatonin-sensitive GIRK current in SCN neurons, we used whole-cell, voltage-clamp electrophysiology and pharmacological inhibition of synaptic transmission (1 M TTX, 30 M bicuculline, 50 M D-AP5, 10 M CNQX, and 200 M CdCl 2 ), along with increased KCl (30 mM; to increase potassium conductance as in Hablitz et al., 2014) , in response to a slow ramp (2.5 s) from Ϫ140 mV to Ϫ20 mV. We found that melatonin increased peak inward current during this protocol (mean Ϯ SEM, vehicle: Ϫ56.6 Ϯ 5.8 pA, melatonin: Ϫ113.6 Ϯ 10.2 pA; Kruskal-Wallis test, H(3) ϭ 20.98, p ϭ 0.0001; median post hoc test, p ϭ 0.001 for vehicle vs melatonin) and this effect was lost in the presence of TPQ (TPQ ϩ melatonin: Ϫ61.4 Ϯ 8.6 pA, median post hoc test, p ϭ 0.001 for TPQ ϩ melatonin vs melatonin; n ϭ Ͼ17 cells per group; Fig. 5 ). In addition, melatonin failed to increase inward current in GIRK2 KO neurons (KO vehicle: Ϫ69.8 Ϯ 6.5 pA, KO melatonin: Ϫ55.0 Ϯ 6.3 pA, independent samples t test, t (28) ϭ Ϫ1.603, p ϭ 0.12; n ϭ 13-17 cells per group), demonstrating that melatonin is capable of activating GIRK channels in SCN neurons.
GIRK channels mediate the effects of the melatonin agonist ramelteon within the SCN
Ramelteon is a MT1/2 receptor agonist used in treating sleep disorders, depression, and delirium (Borja and Daniel, 2006; Hatta et al., 2014) . This therapeutic agent can cause similar phase shifts to the circadian cycle (Rawashdeh et al., 2011) and has a higher affinity for melatonin receptors than melatonin (Kato et al., 2005; Miyamoto, 2009 ). Here, we tested whether ramelteon acts upon similar mechanisms as melatonin within the SCN, thereby inducing GIRK currents and suppressing action potential rates. The results indicated that ramelteon application (10 pM, from ZT10 -ZT12) significantly decreased the spike rates of SCN neurons (mean Ϯ SEM, vehicle: 3.5 Ϯ 0.4 Hz, ramelteon: 2.0 Ϯ 0.3 Hz) and this effect was gone in the presence of TPQ (TPQ: 3.5 Ϯ 0.5 Hz, TPQ ϩ ramelteon: 3.3 Ϯ 0.5 Hz; Kruskal-Wallis test, H(3) ϭ 14.89, p ϭ 0.002; Fig. 6 ). Moreover, this inhibition corresponded to an increased inward current that was sensitive to TPQ (two-way ANOVA, ramelteon by TPQ interaction: F (1,119) ϭ 8.122, p ϭ 0.005; simple-effects analysis: ramelteon vs vehicle: p ϭ 0.0001, ramelteon vs TPQ: p ϭ 0.842; Fig. 6 ; n ϭ Ͼ23 cells per group), similar to melatonin treatment (Fig. 6) . Altogether, these results indicate that GIRK channels are a downstream target of melatonin receptor activation by ramelteon.
Discussion
The molecular mechanisms underlying decreased neuronal firing and phase shifts induced by late-day melatonin within the SCN are largely unknown. Here, we propose that GIRK channels mediate this suppression of firing rate and are necessary for melatonin-induced phase shifts. Indeed, we show that melatonin fails to phase advance circadian activity rhythms of mice in the absence of GIRK2 channels. Moreover, in vitro phase advances induced by melatonin are inhibited by coadministration of the GIRK inhibitor TPQ. Furthermore, melatonin did not suppress spontaneous action potential rates of SCN neurons when GIRK channels were blocked or genetically ablated. This melatonininduced decrease in spike rate corresponded to activation of a TPQ-sensitive GIRK current. These results support the hypothesis that GIRK channel activation is necessary within the SCN to convey the phase-shifting properties of melatonin on the circadian clock. Because melatonin is a key molecule to treat sleep disorders, depression, and several other diseases, we examined the effects of ramelteon, a clinical sleep aid and potent MT1/2 receptor agonist, on SCN neurophysiological response. We found that ramelteon required GIRK channel activation to suppress SCN firing rate. To our knowledge, our study is the first to investigate this acute inhibitory effect of ramelteon on neuronal excitability. Altogether, these results indicate that GIRK channels are a potential therapeutic target in diseases in which melatonin signaling has been disrupted.
Prior work has investigated the role of potassium channels in mediating the effects of melatonin. firing. In rat SCN, melatonin-induced suppression occurs through two different mechanisms. First, melatonin reduces a hyperpolarization-activated cation current (I h ) in ϳ40% of SCN cells by ϳ8 -13% (Jiang et al., 1995) . A second mechanism of melatonin-induced suppression is via activation of a potassiumdependent outward current (when neurons are held at Ϫ40 and Ϫ60 mV) that reverses between Ϫ87.1 and Ϫ98 mV (Jiang et al., 1995; van den Top et al., 2001 ). In addition, dose-response curves (Jiang et al., 1995) and pertussis toxin (a G i/o antagonist) application in the presence of melatonin (van den Top et al., 2001) supports the hypothesis that the effects of melatonin on SCN electrical activity is dependent upon G-protein-coupled MT1/2 receptors. At physiological potentials, excitability is reduced by activation of GIRK channels that conduct a small outward potassium current (Lüscher and Slesinger, 2010) , similar to the melatonin-induced current in previous studies (Jiang et al., 1995; van den Top et al., 2001) . Melatonin also alters GABAergic transmission within the SCN (Scott et al., 2010) . Future studies should investigate the role of GIRK channels in modulating GABAergic transmission in response to nonphotic signals, which our study does not address due to the presence of GABA receptor antagonists during isolation of GIRK currents. Finally, it is important to note that melatonin may alter SCN excitability through additional mechanisms, including other ion channels.
Similar to melatonin, our previous work shows that neuropeptide Y (NPY) signaling within the SCN is also mediated through GIRK channels (Hablitz et al., 2014) . Importantly, activation of GIRK channels during the day is sufficient to phase advance organotypic SCN cultures (as reported by PER2::luciferase) similar to in vivo phase response curves for both NPY (Huhman and Albers, 1994; Besing et al., 2012) and melatonin (McArthur et al., 1991; Hastings et al., 1992; Benloucif and Dubocovich, 1996; Hunt et al., 2001; Dubocovich, 2007) . This type of phase-response curve with maximal phase advances during the day is characteristic of several neurotransmitters that signal for the presence of "nonphotic" stimuli (i.e., not driven by light-induced activation of the retinohypothalamic tract) such as arousal and exercise (Challet, 2007) . Interestingly, these neurotransmitters (melatonin, NPY, serotonin, and GABA) are mediated through G i/o heterotrimeric G-protein signaling (Muraki et al., 2004; Dubocovich, 2007; Fowler et al., 2007; van den Pol, 2012) , indicating that there may be shared common mechanisms for resetting circadian clock phase. Here, we show that GIRK channels are necessary for both melatonin-induced SCN neuronal response and in vivo and in vitro phase advances. Together with our prior study, we propose that GIRK channel activation is a putative conserved mechanism for nonphotic signals to influence the circadian clock.
Although the present study found that melatonin-induced changes in SCN neurophysiology were mediated through GIRK channels, little is known about how exogenous melatonin may regulate the molecular clock, a transcription-translation feedback loop (Roenneberg and Merrow, 2005; Partch et al., 2014 ) that drives circadian rhythms on a molecular level throughout different tissue types. A single injection of melatonin in the late day does not influence molecular clock levels on the first day, but does significantly change expression of Per1, Per3, Bmal1, and AVP on the second day (Poirel et al., 2003) . Nuclear orphan receptors such as Reverb-␣, which have been implicated in melatonin signaling (Agez et al., 2007) , may mediate this effect. In addition, mice with a CLOCK mutation show normalization of period length in the presence of melatonin or ramelteon (Shimomura et al., 2010) . Future studies should investigate whether GIRK channel activation ultimately influences components of the molecular clock such as regulation of Reverb-␣ (Agez et al., 2007; Agez et al., 2009) , influencing the redox state of the cell (BonnefontRousselot and Collin, 2010; Luchetti et al., 2010; García et al., 2014) , or second messenger pathways such as PKC activation (Luchetti et al., 2010) , all of which have been implicated in melatonin signaling. It is important to emphasize that, although GIRK channels are necessary for melatonin-induced phase advances, this does not preclude the involvement of coactivation of PKC in response to melatonin. Indeed, studies measuring SCN ensemble firing in rats and rhythmic PKC expression in cell culture have demonstrated that PKC activation via MT1/2 receptors plays a key role in the phase-shifting effects of melatonin (McArthur et al., 1997; Rivera-Bermudez et al., 2004) . Activation of alternative signaling cascades could explain previous work suggesting that the inhibitory and phase-shifting effects of melatonin are through separate pathways (Liu et al., 1997; Dubocovich and Markowska, 2005) . Several of these pathways, such as PKC activation, antagonize GIRK channel function (Lü scher and Slesinger, 2010), which could lead to the previously reported inhibition of serotonin-induced phase shifts of SCN electrical activity upon coapplication of melatonin (Prosser, 1999) or NPY (Prosser, 1998) .
In addition to resetting circadian phase, endogenous melatonin also provides a seasonal cue, signaling photoperiodic day length via changes in hormonal circulation patterns released from the pineal gland (Coomans et al., 2014) . Classic studies have shown that changes in the length of the photoperiod cause longlasting effects on period length, such that longer or shorter photoperiods lengthen or shorten period, respectively (Pittendrigh and Daan, 1976) . In the present study, we found that administration of melatonin for 3 consecutive days at CT10 was sufficient to significantly increase period length by ϳ5 min, indicating that acute pulses of melatonin may provide day-length information. Although this result may seem biologically insignificant, it may provide insight into circadian timing disruption in people diagnosed with mood disorders, especially considering altered melatonin receptor distribution in postmortem SCN samples from these patients (Wu et al., 2013 ) and successful treatment of major depressive disorder, bipolar depressive disorder, and seasonal affective disorder with melatonin receptor agonists (Srinivasan et al., 2012) .
In conclusion, melatonin signaling has been shown to influence neuronal excitability, metabolic state, time-of-day, inflammation, and much more (Dubocovich et al., 2003; Dubocovich, 2007; Uberos et al., 2010; Paulis et al., 2012; Srinivasan et al., 2012) . Ramelteon is clinically available and has been used to treat depression, insomnia, delirium, and Alzheimer's disease symptoms (Borja and Daniel, 2006; Furuya et al., 2012; Hatta et al., 2014) . Here, we show that the effects of both melatonin and ramelteon on the neurophysiological function of SCN neurons are mediated by GIRK channels. Diseases such as addiction, Down's syndrome, and epilepsy, which have strong circadian components (Loddenkemper et al., 2011; Zarowski et al., 2011; Cho, 2012; Churchill et al., 2012; Lott, 2012; Stores and Stores, 2012; Ramgopal et al., 2013; Parekh et al., 2015; Webb et al., 2015) , are characterized by aberrant GIRK channel function (Kobayashi and Ikeda, 2006; Lüscher and Slesinger, 2010; Arora et al., 2011; Kaufmann et al., 2013) . Future studies could investigate whether pharmacological regulators of GIRK channels, such as TPQ or ML297 (a GIRK channel agonist; Days et al., 2010; Wydeven et al., 2014) , could be used as therapeutic agents in diseases presenting with circadian rhythm disruption. In support of this future research area, one study has shown that ML297 is effective in reducing signs of epilepsy in mice . 
